The history of the Western United States is replete with stories of settlers and travelers who suffered grievously or abandoned their homes when streams, springs, and water holes went dry. Agony for many of them would have been even greater if they had realized that beneath their feet, under the parched land, were huge reservoirs of cool clear water.
The early settlers were unaware of the underground reservoirs, but, even if they had known of them, they would not have been able to reach much of the water because of lack of drilling equipment. Today's occupants of the West know that the underground reservoirs exist and )lave at their command the equipment to tap the hidden water supplies, but still, for the most part, the underground water remains untouched even when the streams and waterholes_ cannot sqpply all the water needed. Why is this so? . Water on the surface is obvious ·_ it can be seen, tasted, readily measured, and diverted for man's use. But ground water' is hidden in the earth, and knowledge about ground water and the development of suitable techniqu~s. for its measurement and withdrawal have lagged for hundreds of years behind similar techniques for surface water. · Even today many water planners believe that ground water cannot be evaluated adequately in terms of availability, quantity, quality, cost of development, or the effect of development on surface-water sources. Such belief is no longer valid because advances in the science of ground-water hydrology in the last half century have provided the knowledge and techniques necessary for planning, developing, and managing water supplies using ground water. This same knowledge also can be applied to the joint management of interrelated surface water and ground water to make full use of the total water resource.
Unless the total water resource of the Upper Colorado Region is fully use.d, it may not be po~sible to satisfy the projected water needs of the region and the exports from the region ( fig. 1 ) because of constraints on the full FIGURE 1. -Estimated annual exports and consumptive use of water within the region by the year 2020. Water needs and exports by then are expected to total more than 6.5 million acre-feet (8,017.8 hm 3 ) . (After Hedlund and others, 1971, p. 47, 54.) development of the surface-water sources. Even if the needs could be met entirely from surface water, the full development of surface water alone may not be possible because of the increasing social pressure to preserve and enhance the environment, which continues tD place greater constraints on construction of surface-water storage facilities. More emphasis, therefore, must be placed on evaluation and development of the region's ground-water supply because ground water is the region's "unseen water hole." Optimal use of the total water resource of the Upper Colorado Region can best be achieved by consider:ing all the alternatives -surface water alone in some areas, ground water alone in other areas, either as a sustained supply or an exhaustible supply, and conjunctive use of surface and ground water in still other areas.
The following questions about ground water are most -commonly asked by water planners and managers in the Upper Colorado Region: 1. How much ground water is available for development? 2. What is the quality of the ground water? 3. What effect will large-scale ground-water development have on streamflow in general and on the Colorado River in particular? 4. What effect will large-scale ground-water development have on the environment?
The purpose of this report is to supply the best possible answers to those questions by presenting a gross regional assessment of the ground-water resources in a manner that will show the availability and significance of ground water in the region, and how it might be used alone or conjunctively with surface water to meet future water needs. The report shows what additional groundwater information is needed for project planning, design, and management, and what can be done to obtain this information. It also discusses possible uses of underground space as related to water and environmental problems.
The maps and discussions in this report (one of a series of similar reports that describe the entire United States by water-resources regions) are in sufficient detail to evaluate broad concepts of water planning, developnt, and management. The detail is not intended to be suitable for the design of new projects or implementation of specific proposals in terms of quantity, quality, or economic feasibility.
Most numbers are given in this report in English units followed by metric units in parentheses. The conversion factors used are as follows: Chemical concentration and water temperature are given only in metric units. Chemical concentration is given in milligr-ams per liter (mg/1). For concentrations less than 7,000 mg/1, the numerical value is about the same as for concentrations given in parts per million.
Water temperature is given in degrees Celsius {°C), which can be converted to degrees Fahrenheit by the following equation: °F = 1.8 (°C) +32.
SETTING
The Upper Colorado Region includes the area drained by the Colorado Riv-er and its tributaries upstream frgm Lee Ferry, Ariz., and the ar.ea-of the Great Divide Basin, a closed basin in Wyoming. The region -covers about 113,500 square miles (293,965 km 2 ) in parts of Arizona, Colorado, New Mexico, Utah, and Wyoming. Physiographic subdivisions that lie wholly or partly within the region are shown in figure 2 .
The Upper Colorado Region is characterized by high rugged mountains, broad basins, and high plateaus that fig. 1 ). Physiographic boundaries from Fenneman (1946) . Green River (at Green River, Oct. 1894-0ct. 1899 Utah) ___________ _ 72 Oct. 1904 -Sept. 1971 San Juan River (near Bluff, Utah)------------Gunnison River (near Grand   57 Oct . 1914 . -Sept. 1971 . 1896 . -99, 1901 fig. 5 .) The region is sparsely populated, averaging about three persons per square mile (2.6 persons per km 2 ). Grand Junction, Colo., and Farmington, N.Mex., were the only communities with populations of more than 20,000 in 1970. (See fig. 6 .) Because of the growing popularity of the region for recreation, however, many of the communities have large seasonal influxes of population. Most of the land is used for grazing, recreation, and mineral development (mostly fossil fuels). Total exports (0.6) 123.4 740. 1 4,440.6 4,934 6,907.6 15,912.2 37,005 96,213 117,182.5 141,852.5 F!(WRE 7.-The hydrologic system-the region's "water bank." Most of the supply is in ground-water storage, yet direct withdrawals of ground water are comparatively small. (Numbers in parentheses are in millions of acre-ft per year except those for storage, which are in millions of acre-ft.) Values are for the 1970 level of development, in part after Hedlund and others (1971) and Murray and Reeves (1972) .
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Development of the water resources of the region has been limited almost entirely to the development of surface water -particularly in relation to the Colorado River Storage Project of the U.S. Bureau of Reclamation and its participating agencies. The completion of such multipurpose dams as Flaming Gorge (1964) and Glen Canyon (1963) under this project has greatly stimulated the economy of the region. Development of ground water to date (1973) has been on a small scale and is limited in most places to withdrawals for domestic and stock supplies.
GROUND WATER IN OVERALL WATER-RESOURCES MANAGEMENT THE WATER BANK
The hydrologic system in the Upper Colorado Region is the "water bank" for the region. (See fig. 7 .) Deposits are made from the precipitation that falls within the region; withdrawals are the returns to the atmosphere by consumptive use, outflow in the Colorado River near Lees Ferry, and exports to other regions. The largest amount of water by far in the bank is in the ground-water reservoirs of the region. Under natural conditions these reservoirs help provide a more uniform annual and long-term water supply for the region. The reservoirs accept wet-season deposits for release Juring dry seasons, and provide large carryover P.turage for release during periods of drought. Proper development and management of these underground reservoirs by man can provide an efficient utilization of the "water bank."
UTILITY OF GROUND WATER
Because it is generally expedient to use what can be seen and to shy away from that which is hidden and not fully understood, surface water, if available, has been used as the source of water supply in many parts of the country without consideration being given to the alternative sources for development of a supply. Advances in techniques in ground-water hydrology during recent years now provide methods for resolving some of the development and management problems that historically have bred reluctance to consider ground-water development.
In the Upper Colorado Region, as in many other parts of the country, ground water has certain advantages, which in many areas make it a logical source of supply. It is widely distributed throughout the region and is generally dependable throughout the year. It is not everywhere equal in volume or rate of availability, but it is almost everywhere present in some quantity and quality, so that in many places the point of withdrawal can be at the point of use, and the effect upon the environment is minimal. Its temperature and chemical quality are fairly uniform, making it desirable for use where these characteristics are necessary. It is generally silt free and is stored in a spacious reservoir that is not subject to excessive losses by evaporation. Its reservoirs are ready made and generally self-regulated, yet many can be manipulated for more advantageous and beneficial use. The reservoirs are not easily polluted and are not subject to damage or destruction by natural or man-caused disasters.
ASSESSMENT OF THE GROUND-WATER RESOURCE QUANTITY AND AVAILABILITY OF GROUND WATER
Because of the varying hydrologic properties of rocks, the geology of the Upper Colorado Region is the principal factor controlling the quantity and availability of ground water for development. The rocks that underlie the region consist mostly of consolidated and semiconsolidated sedimentary strata. Igneous and metamorphic rocks underlie parts of the mountains, and unconsolidated alluvial deposits underlie reaches of major stream valleys.
lorns and others (1965, p. 4-8) grouped the rocks into eight hydrologic units on the basis of their age and general hydrologic properties. These units are herein regrouped into five geohydrologic units on the basis chiefly of relative hydrologic properties of the rocks (pl. lA). The better known water-bearing formations in the units are listed in table 2. From geologic columns and sections in: 'Oriel (1963) . 'Welder and McGreevy (1966) . 'Feltis (1966) . 'Hunt and others (1953) . ··carter and Gualtieri (196.5) . "Feltis (1966) and McGavock and others ( 1966) . 'Baltz (1967) and McGavock and others (1966) . 'Voegeli (1965) and Hall (1968) . ''Boettcher ( 1972) .
The source of virtually all ground water in transient storage in the Upper Colorado Region is the precipitation that falls within the region. Total annual precipitation in the region averages about 95 million acre-feet (117,182.5 hm 3 ) (Hedlund and others, 1971, p. i) . Practically all this water is consumed at or near the place of fall by sublimation and evapotranspiration or becomes overland runoff. Only about 4 percent, or about 4 million acre-feet (4,934 hm 3 ) , is estimated to become ground-water recharge. This includes percolation through the soil zone as well as seepage from streams and lands irrigated by streams. It is regarded as the peren- About 85 percent of the recoverable ground water stored in the upper 100 feet of saturated rocks occurs in sedimentary rocks which have relatively low permeability and yield water slowly.
'The ratio of the volume of water that a saturated rock will yield by gravity to the volume of the rock. 'Ground-water storage is estimated for only 50 feet of the unconsolidated deposits because in many places the saturatPd thickness of this unit does not greatly exceed 50 feet. Ground-water storage is estimated for only 100 feet of thE' other geohydrologic units because the saturated thickness of the units is not known. In many places throughout the region thE' saturated thickness is much more than 100 feet: thus, total recoverable ground-water storage in the region greatly exceeds the maximum amount shown in this tablE '. nial yield 1 of the ground-water reservoirs or perennial ground-water supply for the region under the existing climatic and hydrologic conditions.
A perennial water supply of 4 million acre-feet ( 4,934 hm 3 ) could support a population of about 24 million people having an average daily per capita consumption of 150 gallons (568 1). It could irrigate about 1.3 million acres (526,110 ha) of crops having an average annual water requirement of 3 feet per acre (0.9 m/ha), or it could provide about 3,600 mgd (million gallons per day) (13,627,440 m 3 ) for industrial use. It should be noted, however, that, over a long period of years, the natural ground-water discharge balances the natural groundwater recharge. Consequently, any diversion by wells and consumptive use of ground water will cause some form of natural ground-water discharge, such as seepage to streams, to decrease proportionately.
The principal areas of natural ground-water recharge are in the higher mountains and plateaus, which receive the largest amount of annual precipitation (pl. 1B) and produce most of the runoff (pl. 1 C). The ground water moves from the areas of recharge to areas of natural discharge, which include numerous widely scattered springs, gaining reaches of streams, and areas of phreatophyte growth. The principal areas of ground-water recharge and natural ground-water discharge are shown on plate 1D.
Ground water occurs under both water-table (unconfined) and artesian (confined) conditions, as illustrated in figure 8. Water-table conditions commonly exist in shallow alluvial aquifers along the larger streams, in principal recharge areas, and in the relatively flat-lying rocks that prevail in the Canyon Lands and Navajo sections ( fig. 2) (table 3) . The maximum figure is nearly four times the total active storage capacity of all surface-water impoundments in the region, including Lake Powell and Flaming Gorge and Navajo Reservoirs. Total recoverable ground-water storage in the region -that is, in the complete section of saturated rocks -is many times the amount stored in the upper 100 feet (30.5 m) of saturated rocks. Plate 1E shows that the amount of recoverable storage per square mile (2.6 km 2 ) in the upper 100 feet (30.5 m) of saturated rocks varies considerably from place to place.
Although the total volume of recoverable ground water in storage is great, the water cannot be recovered in large quantities from wells at all places. For example, about 85 percent of the estimated maximum recoverable water in storage occurs in sedimentary rocks (table 3), which have relatively low permeability and yield water slowly. Only about 5 percent of the estimated maximum recoverable water in storage occurs in unconsolidated deposits, which includes permeable alluvium. Wells that yield more than 50 gpm (gallons per minute) (1891/min) generally can be expected only along reaches of larger streams and in small widely scattered alluvium-filled basins (pl. 1F).
The depth to ground water and the depth from which it must be pumped have a great economic effect on the availability of ground water. In much of the Canyon Lands and Navajo sections of the region, ground-water levels are several hundred to more than 1,000 feet (several tens to more than 304.8 m) below the land surface, whereas ground water in alluvium of the larger perennial streams generally is within 50 feet (15.2 m) of the land surface (pl. 1G). As illustrated in figure 8 and shown on plate 1 G, wells will flow under artesian pressure in a number of areas, but in most, several hundred feet of drilling through unsaturated rocks IS required before the artesian aquifers are reached.
QUALITY OF THE GROUND WATER
Plate 2A shows the general chemical quality of the water with regard to its dissolved-solids content. Water containing less than 1,000 mg/l (milligrams per liter) of dissolved solids is fresh; water containing more than 1, 000 mg/l is saline according to the following classification used by the U.S. Geological Survey:
Slightly saline 1,000-3,000 Moderately saline 3,000-10,000 Very saline 10,000-35,000 Briny >35,000
Freshwater is generally available from shallow aquifers in most rock units in areas above an altitude of about 7,000 feet (2,133.6 m). At lower altitudes, fresh water most commonly occurs in the relatively permeable sandstone, such as the Navajo and Dakota Sandstones. Freshwater is also found in carbonate rocks, such as the Madison Limestone and Morgan Formation, which have good hydrologic connection with the principal recharge areas in the mountains.
Saline water commonly occurs in shale and siltstone strata that underlie most of the Green River, Great Divide, Washakie, Uinta, Piceance Creek, and San Juan Basins, but even in those areas some of the aquifers locally contain freshwater.
The quality of ground water in many parts of the region may be greatly altered by man's activities. Areas where fresh ground water might be contaminated by man's activities are shown on plate 2B.
Temperature is an important property of ground water, particularly with regard to artificial recharge, to use of the water for certain industries, and to possible development of geothermal energy. The degree of success of most artificial-recharge operations (or fluid-waste disposal) depends largely on the thermal compatability of the recharge water and the natural ground water. The success of industries that require cooling water (such as large thermal electric powerplants) depends at least in part on the initial temperature of the c.ooling water. Finally, the areal distribution of thermal water (water whose temperature is at least 5°C higher than the mean annual air temperature of the area in which the water occurs) is a guide in locating potential sites for development of geothermal energy.
The temperature of water from most water wells less than 1,000 feet (304.8 m) deep and from nonthermal springs is about 5° -10°C in the mountainous parts of the region and about 10° -20°C in the lower basin and plateau areas (pl. 2C). Discharge of thermal ground water is relatively rare in the region and is confined chiefly to a few widely scattered thermal springs (pl. 2C).
RELATION OF SURFACE WATER AND GROUND WATER
A close relation exists between surface water and ground water. This relation is shown diagrammatically in figure 9 and is known to exist throughout the Upper Colorado Region. Factors that control this relation include the degree of hydraulic connection between the aquifers and the stream channels, lakes, or reservoirs, the permeability of the aquifers, and the slope or gradient of the water table. As noted earlier, some recharge to aquifers occurs as seepage from certain reaches of streams in the region (fig. 9A) ; conversely, discharge from aquifers occurs as seepage to other reaches of the stream ( fig. 9B ). Aquifers in the permeable alluvial deposits along perennial streams receive recharge (bank storage) during peak runoff periods ( fig. 9D ) and release the water back to the streams as streamflow subsides. Ground-water withdrawal by wells or vegetation along streams depletes streamflow ( fig. 9C ).
Bank storage at manmade reservoirs can involve considerable quantities of water. For example, Madison and Waddell (1973, p. C16 ) estimated that about 240,000 acre-feet (296 hm 3 ) of water went into bank storage, mostly into bedrock aquifers, at Flaming Gorge Reservoir during the period 1963-68; also, it has been estimated that as much as 6.7 million acre-feet (8,264.4 hm 3 ) has gone into bank storage (mostly into the Navajo Sandstone) at Lake Powell since filling of that reservoir began in 1963. This increased bank storage is reflected by a rise of water levels in wells near Lake Powell. (See fig. 10 .)
The interchange of ground water and surface water also has an effect on water quality. For example, the relatively large discharge-weighted-average concentration of dissolved solids in the streamflow in various parts of the region (pl. 2D) results partly from inflow of saline ground water from such formations as the Mancos Shale and Paradox Formation to streams. In some areas, seepage of highly mineralized irrigation return flow from surface sources into aquifers can deteriorate the quality of water in those aquifers. (See pl. 2B.) Conversely, the chemical quality of ground water in some aquifers (as the Uinta and Duchesne River Formations in the Uinta Basin) has improved where irrigation developments have augmented natural ground-water recharge with fresher water diverted from surface sources. 
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A. LOSING REACHES OF STREAMS LOSE WATER TO AQUIFERS
B. GAINING REACHES OF STREAMS GAIN WATER FROM AQUIFERS
3780 (1152) 3770 (1149) 3760 ( 1146) 3750 (1143) 3740 (1140) 3730 (1137) 3720 (1134) 3710 (1131) 3700 (1128) 3690 (1125) 3680 (1122) UPPER COLORADO REGION Water level in well (D-43-3) 32 dca-2, about 1.6 miles (2.6 km) from shore at maximum lake stage
3900(1189) 9 acc-1, about 6.6 miles (10.6 km) from shore at maximum lake stage
3600 (1097) 3500 (1 067)~ 3400 ( 1 036) 3300 (1 006) 1964 1965 1966 1967 1968 1969 1970 1971 1972 FIGURE 10.-Rising ground-water levels near Lake Powell reflect the increased bank storage resulting from filling of the lake. Note change in scale for bottom graph. Well locations are shown on plate lF.
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Use of ground water in the Upper Colorado Region is negligible compared with use of surface water. For example, estimated withdrawals and consumptive use of ground water in 1970 amounted to only about 122,000 and 63,000 acre-feet (150.5 and 77.7 hm 3 ), respectively ( fig. 11) . Total withdrawals and consumptive use of water from all sources (including main-stem reservoir evaporation) were about 5.7 million and about 3.6 million acre-feet (7,030.9 and 4,440.6 hm 3 ), respectively. Most of this water was from the Colorado River system, including the ground-water component to streamflow.
The following tabulation of estimated total annual withdrawal of ground water by States in 1970 was compiled from unpublished data used by Murray and Reeves (1972) There are few areas of concentrated ground-water withdrawals from wells in the region. Local areas in which total annual withdrawals exceed 500 acre-feet (0.6 hm:l) are shown in figure 12. The areas of largest withdrawals are Ashley Valley and upper Fremont River valley, Utah, where the water is used chiefly to supplement surface water for irrigation, and the Gunnison, Colo., area, where the water is used chiefly for public supply.
Withdrawals of ground water by wells apparently have not had widespread significant effect on ground-water levels. The few long-term water-level records available for various parts of the region indicate that the changes in ground-water levels (which reflect changes in groundwater storage) are caused chiefly by changes in the annual supply of natural recharge from precipitation. (See fig. 13 .) Local depletions of ground-water storage by pumping, as in the Uinta Basin (indicated by well U(D-1-1)14bbc-1 in fig. 13 ) and in the Grand Junction area (Lohman, 1965, p. 113) , are probably more than offset regionally by the increased storage resulting from bank storage around new reservoirs, such as Lake Powell and Flaming Gorge and Navajo Reservoirs. Because of the close relation between surface water and ground water ( fig. 9C ), however, large-scale ground-water withdrawal over a long period of time would intercept water that naturally enters streams, and this would ultimately reduce the flow of the Colorado River.
INCREASING THE USABLE SUPPLY OF GROUND WATER
In any given area of the region, the available supply of ground water is not necessarily the usable supply. In many places, for example, a large percentage of the available supply is too saline for most uses. In other places, much of the available supply is consumed by vegetation that generally is considered to be nonbeneficial economically. Even in areas where all the available supply is of usable quality, it may not be in sufficient quantity to sustain withdrawals for an intended use.
A number of water-management practices are available to increase the usable ground-water supply. They include (1) artificial recharge, (2) reduction of natural discharge by nonbeneficial vegetation, (3) demineralization, and ( 4) Artificial recharge is the augmentation of natural ground-water recharge by the activities of man. It may be used either to replace ground water where water levels have been drawn down or to tern porarily increase local ground-water storage for later recovery. Artificial recharge can also serve to help even out streamflowthat is, aquifers can be used to absorb flood runoff, which will be released slowly back to the stream as runoff subsides.
Artificial recharge can be accomplished by two basic methods -surface spreading and subsurface injection. (See fig. 15 .) Both methods are described by Price and others (1965) for parts of the Columbia North Pacific Region, with specific examples and associated problems. Both methods are also being practiced in the Upper Colorado Region, but neither is part of a water-resources development project. Recharge by surface spreading is incidental with most irrigation projects in the region, and subsurface injection is used to repressurize oil fields and for brine disposal at oil fields.
Successful artificial recharge requires an adequate supply of recharge water and suitable reservoir space. Water generally is available during storm runoff or peak seasonal runoff periods. Reservoir space, if not naturally present, can be created by dewatering an aquifer. Areas in the region that have the greatest potential for the use of artificial recharge are designated in figure 20 as having promise for water-resource development involving the conjunctive use of ground and surface waters.
Natural reservoir space exists in permeable unsaturated terrace deposits and extensive strata of unsaturated rocks, such as the sandstones in the Canyon Lands and Navajo sections. In these areas, perched groundwater bodies might be created by artificial recharge ( fig.  16 ). The success of this type of artificial recharge would depend on the percentage of recharge water that could be recovered, which in turn depends largely on the retaining Self-supplied industry 6 percent FIGURE 11. -Total withdrawal and consumptive use of ground water compared with the total withdrawal and consumptive use of water from all sources in 1970.
time of the reservoir rock. Some of the water will be lost by leakage from the artificial-recharge area, and some will be retained in the finer grained parts of the newly formed aquifer.
Deeper saline-water aquifers in the Canyon Lands and Navajo sections might also be used for recharge and later recovery from the freshwater bubbles ( fig. 16 ). The freshwater source might be from natural runoff or it might be treated effluent. Injection and recovery of freshwater in saline aquifers is somewhat similar to injection and recovery of natural gas in aquifers, and it holds promise of utilizing some of the extensive saline-water aquifers in the region.
Reservoir space for artificial recharge can also be created by overpumping -that is, withdrawing ground water at a rate faster than it is replaced by natural recharge over an extended period of time. Overpumping is not uncommon in highly developed areas, such as many of the ground-water basins in the California and Lower Colorado Regions. It is practically nonexistent in the Upper Colorado Region, but it might be a desirable practice in some areas of the region where surface water 
FIGURE 13. -Ground-water developments has had little effect on ground-water levels; changes in water levels reflect above-or below-average (normal) precipitation. Well locations are shown on plate IF. Precipitation data are from National Weather Service. Reduction of natural discharge by eradication of greasewood and saltcedar so that salvaged water could be put to more beneficial use ~ Demineralization in areas of shallow slightly to moderately saline ground water where aquifers are known or assumed to support moderate to large ground-water withdrawals
Recycling to salvage effluents from existing or poten· tial communities and industries in water-deficient areas. Could also be practiced by any of the larger communities shown in figure 6 FIGURE 14. -Areas where water-management practices can be used singly or in combination to increase the usable groundwater supply. Map shows selected areas of existing or potential supply problems where these practices might be feasible. might be available for recharge during periods of high runoff. For example, large quantities of water could be pumped from alluvium of the larger perennial streams for irrigation during critical periods of low flow in the late summer. Water removed by the increased late summer irrigation withdrawals could be replaced by artificial recharge using winter runoff, a time of low streamflow but of low seasonal demand, and spring and early summer runoff. Perhaps the wells used for withdrawal could also be used for injection -a recharge operation similar to that practiced near Klamath Falls, Oreg. (Price and others, 1965) , or the recharge could be accomplished by surface spreading. Artificial recharge not only is a means of increasing the usable water supply, but it also may prevent deterioration of ground-water quality which results from overpumping aquifers that are hydraulically connected with saline-water aquifers. This condition probably exists in Spanish and Castle Valleys, Utah, Paradox Valley, Colo., and in many other places throughout the region. The mound created by artificial recharge forms a barrier to encroachment of the saline water in the same fashion that artificial-recharge mounds successfully form barriers to the encroachment of sea water in the Long Beach area of California (Johnson and Lundeen, 1967) .
REDUCTION OF NATURAL DISCHARGE
Consumptive use of ground water by phreatophytes (plants that rely directly on ground water for their moisture) and hydrophytes (plants that live in water, such as cattails and rushes) accounts for a major portion of the total natural ground-water discharge in the Upper Colorado Region. The phreatophytes, which are natural ground-water pumps, not only deplete ground-water storage but also have marked effect on streamflow. (See fig. 9 .) The effect of evapotranspiration, largely by phreatophytes, on streamflow in part of the Green River basin is shown in figure 17 . Consumption of water by phreatophytes also concentrates the mineral content of the remaining ground water and streamflow.
Phreatophytes commonly are found growing along the alluvial plains of both perennial and intermittent streams in the Upper Colorado Region. The most common ones in the region are cottonwood (Populus sp.), willow (Salix sp.), greasewood (Sarcobatus uermiculatus), rabbitbrush (Chrysothamnus sp.), saltcedar (Tamarix sp.), and saltgrass (Distichlis stricta). Greasewood and saltcedar (figs. 18, 19) probably are the most aggressive and least beneficial of the phreatophytes. They both are salt tolerant, and, although saltcedar is generally most adaptable to the southern part of the region, it has been observed growing in thick stands along many streams as far north as the Uinta Basin.
Consumptive use of water by phreatophytes varies depending on many factors, such as depth to water, water quality, and plant density. Under ideal growing conditions and 100-percent plant density, greasewood might consume on the order of 2 feet (0.6 m) of water and saltcedar might consume as much as 9 feet (2.7 m) annually. (See Mower and Nace, 1957, p. 21; Robinson, 1958, p. 75.) The total volume of ground water consumed by phreatophytes in the region has not been estimated. Robinson (1968) estimated the consumptive use by phreatophytes and hydrophytes in the Colorado and Utah parts of the region alone to be more than 2 million acre-feet (2,467 hm 3 ) per year. Total consumptive use in the entire region probably approaches 2.5 million acrefeet (3,083.8 hm 3 ) per year. Part of this consumption, however, is from streamflow, as indicated by figure 9.
Some phreatophytes and hydrophytes are considered beneficial vegetation. The grasses provide forage for livestock, and the larger plants provide shade or add to the scenic value of the area in which they grow. N evertheless, eradication of the least beneficial phreatophytes or their replacement with vegetation requiring less water might add considerably to the total usable ground-water supply in some areas. In Spanish Valley, Utah, for example, an estimated 3,000 acre-feet (3.7 hm 3 ) per year of ground water is consumed by phreatophytes (Sumsion, 1971a, p. 24) . A large percentage of this water might be salvaged if the phreatophytes were eradicated or replaced. Even if there were no need for the water in the area in which phreatophytes had been removed or replaced, the salvaged ground water would eventually add to the total streamflow and could be used downstream. If only 50 percent of this amount of water could be withdrawn and demineralized for beneficial uses, the total usable freshwater supply for the region could be increased by about 40 million acre-feet (49,340 hm 3 ) . This is considered a minimum figure, because considerably more recoverable saline water is stored at depths greater than 100 feet in the sedimentary rocks and in the other geohydrologic units shown on plate lA.
Any development of saline water on a sustained basis, however, would be limited to the perennial yield of the saline-water aquifers. This might be only a few thousand FIGURE 17 . -The effect of evapotranspiration is reflected in fluctua t ions of the stage of the Green River (after Thomas, 1952, p. 20) .
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FI GURE 18. -Greasewood, a common phreatophyte which covers FIGURE 19. many square miles of the region (from Iorns and others, 1965) .
Saltcedar-lined perennial stream, one of many in the region.
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acrC!-feet a year in many parts of the region , but it would provide an adequate supply for small communities and indust ries that use little water, and it probably would be the most feasib le source to develop. Demineralization is becoming an increasingly common practice throughout the world, and it should be adaptable to the Upper Colorado Region. According to the Office of Saline Water, more than 680 demineralizat ion plants, with capacities ranging from as lit tle as 25, 000 gpd (gallons per day) to more than 7.5 mgd (94.6 to more t han 28,390.5 m 3 /day) , were in operation in 1970. Existing commercial plants (in 1970), having capaci t ies of 1 to 3 mgd (3,785 to 11,355 m 3 /day), produce water in the general cost range of abou t $1 per 1,000 gallons (3.8 m 3 ). However, the status of large nuclear-powered dualpurpose plants, which produce both freshwater and electrical energy, indicates that a cost of 20 to 40 cents per 1,000 gallons (3.8 m 3 ) may be achieved before the year 2000 (Oak Ridge N ational La boratory and Office of Saline Water, 1970) .
Of the three basic demineralization processes -distillation, membrane, and vacuum freezing -distillation is most commonly used . This process can produce water wit h less than 25 mg/1 of dissolved solids from natural supplies having a dissolved-solids content of 35,000 mg/l. The process might be well adapted to the Upper Colorado Region because it requires steam as its energy source, which might be produced from the vast fossil-fuel resources of the regi on. Because much of t he recoverable saline water occurs near or in conjunction with major fossil-fuel reserves (as in the Green River, Uinta, Piceance Creek, and San Juan Basins) , demineralization of saline water might be an ideal met hod of increasi ng t he freshwater supply, if needed.
RE CYCLING
Recycling of water is the reuse of water that has already been through a given supply system . The water might be recycled one or several times through the same system , or it may be taken from one system (such as a municipal supply) and pu t through another system (such as an industrial supply) where little or no treatment is required . Recycling does not physically increase the total usable water supply, but it does, in effect, "stretch" the supply by reducing nonbeneficial consumption of the effluent. It is becoming a common practice in many water-deficient areas of the world .
With recycling, it might be possible to develop sustained water supplies exceeding the natural sustained yields of certain aquifers . For example, an ore-processing plant might require a sustained water supply of 20,000 gpd (75.7 m 3 /day) , but t he sustained perennial yield of the aquifers might be only 15,000 gpd (56.8 m 3 / day). Assuming that the effluent from the plant is 10,000 gpd (37.8 m 3 /day) and 50 percent could be recycled through the system, then t he sustained yield of the aquifers plus the recycled water could support the industry on a perennial basis after the initial 20,000 gallons (75. 7m 3 ) has been withdrawn.
The amount of water that could be recycled depends on t he consumptive use of the primary supply and on the percentage of the effluent that can be treated and reused . Many industries consume only a small percentage of the water withdrawn , but the effluent may be contaminated beyond treatment. For other industries, all the effluent may be economically treated and reused. The latter example is also true for effluents from municipal water supplies. In 1970 the difference between total withdrawals and total depletions of ground water for municipal use and self-supplied industry was about 32,000 acre-feet (39.5 hm 3 ). This, theoretically, is the volume of ground water regionally that might be recycled at least once at 100-percent recovery at the 1970 level of development.
AVAILABILITY OF GROUND WATER T O MEET FUTURE WATER NEEDS
As noted earlier, the perennial ground -water supply for the Upper Colorado Region is about 4 million acrefeet ( 4,934 hm 3 ); in addition, the recoverable reserve of ground water in storage in just the upper 100 feet (30.5 m) of saturated rocks may be as much as 115 million acre-feet (141,852.5 hm 3 ) . Yet, in 1970, only about 2 percent of the estimated withdrawal and consumptive use of water for all uses in the region came directly from ground-water sources.
By the year 2020 the projected consumptive use of water for various uses in the region will be about 4.1 million acre-feet (5,057.4 hm 3 ) per year, as indicated in the following tabulation. Part of these needs could be met from ground-water sources. The projected consumptive water need for irrigation annually by the year 2020 is estimated to be about 3.3 million acre-feet (4,070.6 hm 3 ) . Although most of this need will be met with surface water, ground water is available in many of the irrigated areas to supplement surface water, particularly during periods of low flow and peak crop requirements. A minimum of 3,200 acre-feet (3.9 hm 3 ) of recoverable ground water per square mile is stored in alluvium in the irrigated areas along the Colorado and Green Rivers and other large streams. Most of these areas cover at least 10 square miles (25.9 km 2 ) , indicating that at least 32,000 acre-feet (39.5 hm 3 ) of ground water is available to supplement the surfacewater supply in each of the areas. If only half of this water were withdrawn in any given 10-square-mile (25.9 km 2 ) area, it could be used to irrigate about 16,000 acres (6,475.2 ha) during periods of low flow at a crop requirement of 1 foot per acre (0.3 m/ha).
An estimated 627,000 acre-feet (773.4 hm 3 ) of water will be needed annually for production of thermalelectric power by the year 2020 (Hanley and others, 1971, p. 65) . The individual plants that will be producing this energy will require from about 6.6 to more than 130 million gallons (24,983.6 to 492,102 m 3 ) of water per day. Most will be located where ground water is plentiful (sites of plants are shown on pl. 2B) but where the aquifers yield water too slowly to meet the daily requirements on a sustained basis. However, ground water could be developed at some sites as supplemental or emergency supply.
The use of ground water for municipal and industrial supply has been inhibited in many areas by undesirable chemical characteristics of the water. Recent advancements in the field of demineralization and progressive decline in cost per unit volume of demineralized water, however, now make the cost such that ground water could be used to supply a large part of the projected water needs of 110,000 acre-feet (135. 7 hm 3 ) per year for municipal and industrial use. The larger communities, such as Farmington, N.Mex., and Grand Junction, Colo., may require between 15,000 and 20,000 acre-feet (18.5 and 24.7 hm 3 ) per year for municipal and industrial supply by the year 2020. Most of the other communities probably will require between 100 and 5,000 acre-feet (0.1 and 6.2 hm 3 ) per year. Ground water (with optional demineralization) is available in most places to meet these requirements completely or, in some places, as a supplemental supply. Communities near the larger streams could obtain water from alluvium through shallow wells or infiltration galleries. Such communities as Price and Vernal, Utah, Green River, Wyo., and Grand Junction, Colo., are underlain by aquifers that contain slightly to moderately saline ground water that probably could be economically withdrawn and demineralized.
Mountain resort communities such as Aspen and Steamboat Springs, Colo., have a seasonal influx in population. For example, the permanent population served by the Aspen municipal water supply is about 4,000 (1970) , but during the winter ski season the population increases to more than 20,000. With a trend to development of such communities for seasonal leisure and recreation, there will be a growing need for adequate seasonal public water supply. Most of the existing or potential mountain resort communities are on or near mountains streams. A seasonal water supply for those communities could be developed from the permeable alluvium of the streams, and the ground water withdrawn during the tourist influx could be replaced by natural or artificial recharge during the off-season. Most of the projected annual water need of 85,000 acre-feet (104.8 hm 3 ) by the year 2020 for minerals production could be obtained from ground-water sources. Most of the mineral production of the region is in areas where surface water is absent, inadequate, or used for other purposes. The ground water in the fossil-fuelproducing areas generally is saline, but it generally is suitable for such uses as repressuring oil and gas fields.
The amount of water needed to develop the vast oilshale reserves in the Uinta, Piceance Creek, and Green River basins will depend on whether the oil is released by surface or in situ retorting. Mining and surface retorting of the shale may require large supplies of water. The actual volume required is not known, and it will depend on such factors as methods used to mine, crush, upgrade, and retort the shale, and the availability of electrical energy and the methods used to dispose of the spent shale. Preliminary estimates of the total volume of water needed range from as much as 189,000 to as little as 32,000 acre-feet (233.1 to as little as 39.5 hm 3 ) per year for an oil production capacity of 1 million barrels (158,987 m 3 ) per day. The estimated maximum need probably will have to be met largely from surface sources, but the minimum need probably can be met with ground water -part of which will be produced from the shale and part can be developed from local unaffected aquifers. In the Piceance Creek basin, however, water produced by mine dewatering activities might be sufficient to meet the entire estimated maximum need for the first few years of operation. In all areas, ground water could be used to supplement a surface-water supply for the life of the development. In situ retorting of the shale could reduce water requirements by more than 60 percent by eliminating water needs for mining, dust control, surface retorts, and disposal and revegetation of spent shale.
Only about 30,000 acre-feet (37 .0 hm 3 ) of water will be needed annually for domestic, stock, and recreation supply by the year 2020. These needs can be met from ground water in most parts of the region.
SELECTED DEVELOPMENT OPTIONS
Various options for use of ground water in overall water management are possible in the Upper Colorado Region. In some areas, ground water might be used conjunctively with surface water. In other areas, ground water might be developed as the sole supply on a sustained basis or a time-limited basis. In order to approach optimal development of the total water resource of the region, the various options would include one or more of the practices for increasing the usable ground-water supply discussed in a preceding section of this report.
CON.JUNCTIVE USE OF SURFACE WATER AND GROUND WATER
The opportunity to use ground water in conjunction with surface water exists locally along several of the larger perennial streams that are underlain by permeable alluvial aquifers, as illustrated in figures 8C and D. The areas are shown in figure 20. In these areas, ground water could be used to augment surface water during periods of low flow, which commonly coincide with periods of peak seasonal demand. Should the withdrawal of ground water exceed natural recharge during these periods, then artificial recharge could be implemented during peak runoff periods to facilitate groundwater replenishment.
Such a coordinated system would provide a more uniform year-round water supply without surfacereservoir construction. The well fields, regardless of their primary purpose, would also provide an emergency public water supply in populated areas. For example, the public water supply for Delta, Colo., is diverted from a stream and a spring which are 17 and 11 miles (27.4 and 17.7 km) north of the city, respectively. Should that supply be disrupted by a man-caused accident or a natural disaster, local well fields used to augment surface water for irrigation might serve as a temporary public supply for the city while the primary system is being restored.
Few areas in the region have been investigated in sufficient detail to determine their adaptability to a program of conjunctive development of ground and surface water. Selected potential areas for such development are shown in figure 20 . One of these areas is the upper Fremont River valley of Utah, which might serve as a specific example of how ground water could be used to increase the total usable water supply for irrigation during seasonal low-flow periods. The ground-water resources of the upper Fremont River valley are described by Bjorklund (1969) . Although only about 40 square miles (103.6 km 2 ) in areal extent, the valley contains one of the most productive ground-water reservoirs in the Upper Colorado Region. Yields to irrigation wells in the valley range from several hundred to more than 2,000 gpm (7 .57 m:l/min).
Total estimated recoverable storage in the upper 100 feet (30.5 m) of the ground-water reservoir in the valley is between 130,000 and 380,000 acre-feet (160.4 and 468.7 hm 3 ) , and the perennial yield of the reservoir is on the order of 90,000 acre-feet (111 hm 3 ) . Most of the water is fresh and suitable for irrigation and most other uses.
The surface-water supply for the valley is the Fremont River, and it is used primarily for irrigation. Flow of the river into the valley is regulated and has been measured during the period 1949-58, including the complete irrigation seasons during 1950-57. During those irrigation seasons, average monthly flow of the river was about 4,400 acre-feet (5.4 hm 3 ). However, the flow in September and October of some years was as low as 1,300 acre-feet (1.6 hm 3 ) . This is an assumed deficiency of about 3,000 acre-feet (3. 7 hm 3 ) . Use of ground water in a management program for conjunctive use of water resources could make up this deficiency and perhaps provide enough water for irrigation of additional acreage.
Well fields could be located to deliver the water directly to the irrigated fields or to canals and distribution ditches. An inherent problem associated with large-scale ground-water development -well interference -could be minimized by proper well design and spacing. Any temporary overdraft could be replaced by artificial recharge during peak runoff periods.
A planned development that makes optimum conjunctive use of the ground-and surface-water resources in the upper Fremont River valley might provide a combined annual supply of more than 100,000 acre-feet (123.4 hm 3 ). This would consist of the perennial groundwater supply, plus surface-water inflow, plus irrigationreturn flow, which could be as much as 25 percent of the total withdrawal. However, this type of development might virtually deplete the flow of the Fremont River.
USE OF GROUND WATER ONLY
Extensive areas of the Upper Colorado Region are far removed from the principal river systems. The supply from local intermittent and ephemeral streams supports some livestock but it is not sufficient to meet largescale demands. Yet these areas are underlain by extensive bedrock aquifers that may be capable of supplying sufficient water for industry, public supply, or to irrigate small areas. Plans for development of this water might consider use on a sustained basis where the annual withdrawal would not exceed the perennial yield of the aquifers, or on a time-limited basis where the total recoverable ground-water storage would be withdrawn (mined) at a given annual rate for a given number of years. Because a large percentage of the water is saline, a demineralization process would be an integral part of most developments. A sustained ground-water supply is one where the planned annual withdrawal over a long time does not exceed the annual natural discharge of the aquifers. Successful development of ground water on a sustained basis requires that the size and character of the ground-water reservoirs be fairly accurately known and that the annual withdrawals be regulated to prevent excessive drawdowns and stream depletions. Short-term withdrawals exceeding the annual discharge rate might be tolerated if recycling or artificial recharge were a part of the development.
Areas that have some potential for moderate to large development (0.5 to 1.5 mgd or 1,892.7 to 5,678.1 m 3 / day) of ground water as a sole supply are shown in figure  21 . These areas appear to be underlain by aquifers that seem to have good sources of recharge. They have not been investigated in detail, however, so it is not possible to do more than speculate on the size or even the feasibility of such development in these areas.
A hypothetical development using ground water on a sustained basis as a sole source of supply is herein described using Spanish Valley, Utah, as an example. The water resources of Spanish Valley have been described by Sumsion (1971a) . The valley covers about 18 square miles (46.6 km 2 ) and is underlain by permeable valley-fill deposits to depths of at least 360 feet (109.7 m). It is estimated that the ground-water reservoir will yield about 14,000 acre-feet (17.3 hm 3 ) per year and that about 58,000 to 173,000 acre-feet (71.5 to 213.4 hm 3 ) of water is recoverable from storage in the upper 100 feet (30.5 m) of the reservoir.
At the 1970 level of development, about 3,300 acre-feet (4.1 hm 3 ) of ground water was withdrawn from Spanish Valley for irrigation and public and domestic supply. About 8,000 acre-feet (9.9 hm 3 ) of ground water drained to the Colorado River, and another 3,000 acre-feet (3.7 hm 3 ) was consumed by phreatophytes and hydrophytes. Most of this 11,000 acre-feet (13.6 hm 3 ) of water could be put to beneficial use directly in Spanish Valley if it were withdrawn there from wells. An annual supply of about 11,000 acre-feet (13.6 hm 3 ) could be used by industry, or to supply a population of about 65,000 additional people at a per capita consumption rate of 150 gallons (0.57 m 3 ) per day, or to irrigate about 3, 700 additional acres (1,497 ha) at an application rate of 3 feet per acre (0.9 m/ha) per year, or any combination of these. The water thus used would be of better chemical quality than it would be after seepage through the area of phreatophytes in the downstream part of the valley, where the dissolvedsolids content increases as a result of evapotranspiration.
Sustained development of 14,000 acre-feet ( 17.3 hm 3 ) of ground water in Spanish Valley need not necessarily denude the area presently occupied by phreatophytes or completely terminate underflow to the Colorado River. The phreatophytes could be replaced by nonphreatophytic vegetation that uses less water and provides the same forage, shade, and scenic benefits. If the development were entirely for municipal and industrial supply, only about 54 percent (regional average in 1970) of the withdrawal would be consumed; thus, more than 7,500 acre-feet (9.2 hm 3 ) of water might still be allowed to reach the Colorado River. Withdrawals for irrigation or certain industries, which consume larger percentages of the diversions, would decrease proportionately the amount of water reaching the river; however, this could be offset to some extent by incorporating recycling systems in the development program.
TIME-LIMITED GROUND-WATER SUPPLY
A time-limited ground-water supply is one where the planned annual withdrawal will exceed the annual natural discharge, the excess amount being obtained (mined) from the recoverable water in storage in the aquifers. This supply is limited in time by the number of years required to deplete the water in storage or to lower water levels to depths at which it is no longer economically feasible to withdraw the water.
Large-scale sustained ground-water developments generally are not possible in those parts of the Upper Colorado Region underlain by bedrock aquifers and far removed from principal areas of recharge. The rate of ground-water movement to the area of withdrawal would be too slow, even if a highly efficient recycling system were incorporated in the development. Nevertheless, large quantities of ground water in transient storage in these areas are either being wasted or becoming chemically degraded as they move to areas of natural discharge. Diversion of this water for beneficial use on a time-limited basis (ground-water mining) might be the best solution to water-supply problems in the arid Canyon Lands and Navajo sections of the region ( fig. 21) .
Little quantitative data are available for any of the areas shown in figure 21 , but provisional estimates are made herein to illustrate the development of a timelimited ground-water supply in the Escalante area of Utah. The estimates are based on a reconnaissance by Goode (1969) of the ground-water resources of this area.
The ground water to be developed is under artesian pressure in the Navajo Sandstone, which is about 1,500 feet (457.2 m) thick in the area. Goode (1969, p. 31) estimated that if the sandstone were completely saturated, the total quantity of water in storage might be as much as 60,000 acre-feet per square mile (28.6 hm
Assuming that 60 percent of this water could be recovered by wells, then recoverable water in storage would be about 36,000 acre-feet per square mile (17.1 hm 3 /km 2 ) and would total about 360,000 acre-feet (444.1 hm 3 ) in a 10-square-mile (25.9 km 2 ) area from which the wells would most likely draw water. Average annual recharge to the Navajo Sandstone in this area probably is less than 2,000 acre-feet (2.5 hm 3 ) and, therefore, could be considered negligible. If the development is planned for a lifespan of 30 years, then the annual withdrawal would be nearly 12,000 acre-feet (14.8 hm 3 ) . This much water could irrigate 4,000 acres (1,619 ha) of land at an annual crop requirement of 3 feet per acre (0.9 m/ha). If larger annual withdrawals are required, the lifespan of the development could be shortened. If smaller annual withdrawals are required, the lifespan of the development could be lengthened.
OTHER USE OF UNDERGROUND SPACE Utilization of underground space for artificial recharge of ground water has already been discussed as a means of increasing the usable ground-water supply. Other uses of underground space include underground disposal of fluid waste, flood control, and underground storage of gas, liquid, and solid materials for later recovery and use.
FLUID-WASTE DISPOSAL
With increasing social pressures to reduce pollution of the surface environment, there has been an accelerated growth in underground disposal of fluid waste. According to Kohout (1970 Kohout ( , p. 1445 ) the number of wells constructed for underground disposal of fluid industrial wastes in the country increased from 10 in 1950 to nearly 150 in 1969 and might approach 500 by 1980. The technique is used in the Upper Colorado Region almost exclusively for disposal of oil-field brines; it might also be used to dispose of blowdown water from the cooling towers of thermal-electric powerplants, waste brines from desalting plants, and other fluid industrial wastes.
Important requirements for successful underground disposal of fluid waste are that the reservoir rock be capable of accepting and retaining the waste indefinitely and that it be hydrologically isolated by impermeable strata from freshwater aquifers. Many areas in the Upper Colorado Region seem to meet these requirements. Deep aquifers in the Green River, Uinta, Piceance Creek, and San Juan Basins contain brines that are probably more highly mineralized than many untreated fluid wastes; therefore, they might not have a better use than as reservoirs for the fluid waste. They apparently transmit water very slowly and seem to be virtually isolated hydrologically from freshwater aquifers and streams. Areas in the region where underground disposal of fluid waste might be feasible are shown in figure  24 . Before any underground fluid-waste disposal project is implemented, however, it should be preceded by detailed and careful study to insure that the waste remains out of the surface environment indefinitely and does not contaminate usable ground-water supplies.
FLOOD CONTROL
Underground space in the unsaturated zone can be used for the control of flash floods, which are a serious problem throughout the region. Floodwaters could be diverted over permeable unsaturated terrace deposits, which generally exist near mouths of canyons, to be absorbed and released gradually back to the stream channel. The cost of required diversion facilities and spreading basins might be minimal compared with the high cost of repeated repair or replacement of bridges and other structures generally damaged by floods.
UNDERGROUND STORAGE
Underground storage as used here is the emplacement underground of any material with the intent of recovering that material for later use. Underground storage of natural gas is a common practice in the Gulf Coast area and in other parts of the world. The space utilized for storage of gas generally is in depleted oil or gas reservoirs, but aquifers are also used. In aquifers, the gas is stored as a bubble below impermeable rock and above the heavier ground water. Such a reservoir has been created in the Paradox(?) Formation near Moab, Utah (C. T. Sumsion, oral commun., 1972) , and others seem feasible in that general area.
A unique use of underground space for storage and recovery of water is the multiple-aquifer reverse-cycle heating and cooling system. This system has had considerable success in some large office buildings in Portland, Oreg., and Tacoma, Wash. It might be adaptable to the Upper Colorado Region because there are multiple-aquifer systems throughout the region (as illustrated in figs. 8A, B), and this method of heating and air conditioning consumes very little water.
A special use of the unsaturated zone in underground space is the storage in underground chambers of dangerous chemical and strategic war materials that must be isolated from densely populated areas. The great thicknesses of relatively unsaturated rock in the sparsely populated Canyon Lands section of the region might provide such space with a minimum of construction and security costs. Because of the widespread distribution of radioactive minerals in the rocks in the section, however, storage of materials that are affected by radiation might not be advisable.
PROBLEMS AND CONSTRAINTS ASSOCIATED
WITH GROUND-WATER DEVELOPMENT PHYSICAL PROBLEMS Theis (1940, p. 280) listed some of the basic principles regarding ground-water development, and a summary of them follows:
1. All water discharged by a well is balanced by a loss of water somewhere in the system. The loss may be depletion of aquifer storage, reduction in streamflow, reduction of evapotranspiration, or reduced normal water flow from the region. 2. The loss is in many cases largely from aquifer storage.
Some ground water is always mined. The groundwater reservoir is in effect bounded by time, by structural conditions, and by material boundaries. The amount of water removed is proportional to the drawdown, which, in turn, is proportional to the rate of pumping. 3. If the drawdown cone reaches an area of recharge, the well discharge will be made up, at least in part, by an increase in the recharge. If any recharge was previously rejected through nonbeneficial transpiration, no economic loss will probably occur. If the recharge was rejected through springs or by refusal of the aquifer to absorb surface water, an economic loss may result owing to resulting decrease in spring or stream discharge. 4. If the drawdown cone reaches areas of natural discharge, further discharge by wells will be made up, in part, by a reduction in natural discharge. If this natural discharge fed surface streams, prior rights to the surface water may be injured. 5. In artesian aquifers, because the cones of depression spread with great rapidity, each well in a short time has its maximum effect on the whole aquifer and obtains most of its water by increase of recharge or decrease of natural discharge.
DECLINES IN WATER LEVELS
Water levels in the vicinity of a discharging well or well field will decline as long as the rate of the well discharge exceeds the rate of recharge to the aquifers supplying the water. Decline in the water levels is in the form of an inverted cone (cone of depression), as shown in figure 16 . As the cone expands, the amount of groundwater moving toward the well or well field will increase until it equals the amount of discharge from the wells; then, the water levels should cease to decline. The water levels will begin to rise once pumping ceases. In areas of closely spaced wells, however, even temporary waterlevel declines may create legal and economic problems, owing to the interference caused by a discharging well on the water levels in nearby wells.
If withdrawals exceed natural recharge over many years, water levels might decline until a level is reached where further drilling or pumping would be uneconomical. This possibility is readily apparent in areas of deep natural water levels (pl. 1G), where the cost of drilling' and pumping might be greater than the benefits to be gained.
DEPLETION OF STREAMFLOW
The relation of ground water and surface water was discussed on page 00 and is illustrated in figure 9 . As shown in figure 9C , pumping of ground water can deplete streamflow. This is true whether the well field is adjacent to a stream or some distance from a stream, as long as there is hydraulic connection between that stream and aquifers tapped by the wells.
The amount of depletion would be proportional to the amount of ground water withdrawn provided that there is no return flow. Therefore, the effect of small groundwater withdrawals probably would be minuscule and could not be detected by current methods of streamflow measurement. In contrast, long periods of large-scale pumping, such as several tens of cubic feet per second during an irrigation season, from the alluvium of relatively small streams (average discharges of several hundred cubic feet per second during the irrigation season) would unquestionably cause a significant reduction of streamflow. This could result in legal problems related to local water rights and the Colorado River Compact, and it might also have an effect on the ecology of the stream and the water-related land resources.
DETERIORATION OF WATER QUALITY
Plate 2B shows how ground water is subject to contamination or deterioration by activities that are not directly related to ground-water withdrawals. Deterioration of ground-water quality as a direct result of largescale withdrawal can occur in two ways -inducement of saline water from adjacent aquifers and recycling of water whose quality has been deteriorated by use.
Some freshwater aquifers in the region are either overlain by, underlain by, or sandwiched between salinewater aquifers. Reduction of the hydrostatic pressure in the freshwater aquifer by pumping could allow saline water from an adjacent aquifer to move into the pumped aquifer, as illustrated in figure 22A . The possibility of this problem exists throughout the region because of the widespread occurrence of saline ground water. It might have its greatest impact in areas such as Spanish Valley, Utah, and Paradox Valley, Colo., where the Paradox Formation, which is composed largely of salt, gypsum, and other salines, seems to be in hydraulic connection with overlying unconsolidated valley deposits. The Paradox Formation also underlies sandstone aquifers throughout much of the Canyon Lands section.
Deterioration of water quality by recycling of previously used water can occur where withdrawal exceeds natural recharge. (See Handy and others, 1969 .) Excessive pumping for irrigation, for example, can cause a reversal of the natural ground-water gradient, so that water seeping downward from irrigated fields no longer can move out of the area but instead percolates back toward the well fields. (See fig. 22B .) This return flow from irrigation is concentrated by evapotranspiration, and it carries salts leached from the soil and chemicals from fertilizers and soil amendments. The return of this water to the well field, therefore, serves to increase the dissolved-solids content of the water. This problem is most likely to occur in the shallow unconfined aquifers of the reg_ion, such as the broader alluvial plains of the larger streams, where natural ground-water gradients are fairly flat.
LAND SUBSIDENCE
Land subsidence associated with ground-water development is well known in Arizona, California, and other areas where withdrawals of ground water have exceeded natural recharge. In many places, it has resulted in considerable inconvenience and damage. (See Poland and Davis, 1969.) Subsidence results principally from the compaction of lenses or layers of fine-grained materials within unconsolidated aquifers that contain water under artesian pressure. Aquifers meeting these conditions are rare in the Upper Colorado Region; therefore, subsidence may not be a major problem in the region.
EFFECT ON THE ENVIRONMENT Development of a ground-water supply directly within the desired area of use probably would cause less damage to the environment than the impoundment of a stream a great distance from the area and the construction of long pipelines or canals. Some damage to the environment might occur, however, from a ground-water development that is on a time-limited basis in which water levels are allowed to decline indefinitely. For example, the ecological balance of an area might be upset if ground-water withdrawals drastically depleted streamflow or dried up a natural wetland habitat. Similarly, the esthetic beauty of a natural spring area would be destroyed if the development dried up the spring.
Other ecological problems might result from developments that require demineralization of ground water. If distillation were used in the demineralization process, the burning of fossil fuel to create the necessary energy from steam may result in a source of air pollution. If a membrane process were used to demineralize the water, fuel might also have to be burned to produce the required electrical energy.
CONSTRAINTS WATER RIGHTS
Each State in the Upper Colorado Region administers its water resources according to the appropriation doctrine. The basic concept of this doctrine is that owner-· ship of land provides no inherent right to water from sources upon, contiguous to, or underlying his land, but that rights to these sources are based on priority in time of beneficial use. The doctrine originally applied to surface water, but it was later extended to include ground water. The general knowledge that a proposed groundwater development in a given area might affect existing water rights in the area, therefore, is a major constraint to large-scale ground-water development.
Utah, for example, has restricted Spanish Valley and has closed or restricted parts of the Uinta Basin to further ground-water withdrawal until more information can be obtained regarding the effects of such withdrawal on existing water rights. The State of Colorado generally will not issue permits for wells that divert more than 15 gpm (57 1/min) in areas where streamflow is fully appropriated and ground-water withdrawals would reduce the streamflow, unless the permit is to replace or change the point of diversion of an existing water right.
Nevertheless, large-scale surface-water development has successfully been implemented within the framework of the appropriation doctrine. It seems reasonable to believe, therefore, that planned large-scale ground-water development, such as a conjunctive-use development, might also be successfully implemented without major legal complications.
Differences in interpretation of various State water laws and the Federal "reserved-water doctrine" might impose some constraints to ground-water development in the region. The State water laws imply that all the water in the State is subject to appropriation, whereas the Federal reserved-water doctrine implies that when land is reserved by the Federal government ( fig. 5) , the water necessary for use of the land is simultaneously reserved.
THE COLORADO RIVER COMPACT
The Colorado River Compact, which was approved August 19, 1921, states: "There is hereby apportioned from the Colorado River system in perpetuity to the upper basin and to the lower basin, respectively, the exclusive beneficial consumptive use of 7,500,000 acre-feet [9,251.2 hm 3 ] of water per annum, which shall include all water necessary for the supply of any rights which may now exist." (Article III a.) The Compact further states: "The States of the upper division will not cause the flow of the river at Lee Ferry to be depleted below an aggregate of 75,000,000 acre-feet [92,512.5 hm 3 ] for any period of 10 consecutive years reckoned in continuing progressive series beginning with the 1st day of October next succeeding the ratification of this Compact." (Article III d.)
These statements could be construed by some to imply that the compact is a major constraint to large-sca1e ground-water development in the Upper Colorado Region, but this is not true. For example, no provision in the compact specifies that the allotted consumptive use of 7.5 million acre-feet (9,251.2 hm 3 ) per year must come ~irectly from streams. The allotted consumptive use could come from streams, aquifers, or the combined sources in a conjunctive-use development. In fact, largescale ground-water development in the region, particularly using saline water with demineralization, would reduce mineral inflow to the Colorado River. This would help to maintain better chemical quality of outflows to the Lower Colorado River Basin.
ECOLOGICAL CONSIDERATIONS
Growing social pressure to preserve the environment in its natural state is now a significant constraining factor to surface-water development. This type of constraint has not been felt in ground-water development, partly because ground water is an unseen resource and the effects of its development on the environment are not as obvious as a major surface-water development. Also, ground-water developments have grown in a piecemeal fashion, and any effects on the environment have been gradual. This is especially true in the Upper Colorado Region, where there is little large-scale withdrawal of ground water. Nevertheless, some of the problems associated with large-scale ground-water development, such as the land-subsidence problems of California, are well known. Thus, in addition to considering the benefits of a large-scale ground-water development, groups concerned with the environment quite surely will be evaluating the impact on the environment and will be prepared to contest the development if adverse effects on the ecology and environment are believed to outweight the benefits of the development.
LIMIT OF SCIENTIFIC KNOWLEDGE
Little detailed information about ground water is available for the Upper Colorado Region. Reconnaissance studies of the ground-water resources have been made in most parts of the region, but only in a few widely scattered areas have detailed studies been made ( fig.  23) . Few of these studies contain quantitative information, and only one (Sumsion, 1971a) has involved the use of a model to define the ground-water system and predict the effects of withdrawals on water levels.
Ironically, the major emphasis on ground-water development in all five of the Upper Colorado Region States has been in parts of those States that lie outside the region-the High Plains of Colorado, New Mexico, and Wyoming and the Basin and Range segments of Utah and Arizona. Consequently, very little of the States' available funds for ground-water study have been expended for detailed or comprehensive studies to evaluate the relatively undeveloped ground-water resources of the Upper Colorado Region.
If large-scale ground-water development is to be implemented in the Upper Colorado Region, studies will be required that are similar in scope, magnitude, and cost to those that precede the planning and implementation of large-scale surface-water developments. These would involve feasibility studies, environmental-impact studies, and project design and implementation studies. Figure 24 shows selected types of studies that are needed in various parts of the region that have promise for use of ground water in overall water-resources management.
INFORMATION NEEDED FOR PROJECT DESIGN
Planned ground-water development, like planned surface-water development, requires considerable background information about the geohydrologic system in which the development is to function. The limitations or even the feasibility of the development cannot be determined until reasonable answers are obtained for such questions as: 1. How permeable are the aquifers? Will they support the required well yields? 2. How deep is the water? Will drilling and pumping costs be within the economic limit of the development? 3. What is the perennial yield of the ground-water reservoirs? Can the reservoirs support anticipated perennial withdrawals including peak seasonal or periodic requirements? 4. How much water is recoverable from storage within economic pumping limits? Is the storage adequate to support the anticipated perennial withdrawals for the life of the project, or until a supply can be imported? 5. How good is the water? Is it chemically and physically suitable for the anticipated needs, or will it require desalinization or treatment? 6. What effects will the development have on streamflow and the environment in general? Because of the small amount of ground-water development to date (1973) in the region, there is little background data on which to base detailed studies. Such data must be acquired in the earliest possible stages of an investigation; thus, in essentially all parts of the region, detailed geologic mapping in conjunction with test and drilling and geophysical mapping is needed to determine the location, thickness, and extent of aquifers. Static water levels in the test holes would provide information about direction of ground-water movement and location of areas of natural recharge and discharge. Pumping tests, using the test wells as production wells This map is intended to show the variety of studies that could provide useful information leading to the successful integration of ground water in overall water management in specific parts of the region. Additional feasibility studies for which no specific area is designated include studies to locate and evaluate potential sites for underground disposal of fluid wastes, underground storage of materials for later recovery, and construction of desalination plants.
FIGURE 24. -Areas of the region that have potential for implementation of ground water and use of subsurface space in overall water-resources management.
and observation wells, would provide information about the hydraulic properties of the aquifers. Analyses of water samples collected from the test wells would provide information about the ground-water quality both areally and with depth. By use of mathematical, statistical, and electricanalog models the field data can be evaluated. Successful models can accurately portray the ground-water regimen and predict the effects and changes imposed by various types and stages of ground-water development. A mathematical model of the hydrologic system in the Piceance Creek basin is currently being developed. It will help planners evaluate the ground-water supply and to predict effects of oil-shale development on the wat~r resources of the basin.
Basic information needed for accurate and successful model studies is listed in table 4, and some applications of models to specific problems are listed in table 5. [After Moore, 1971] Physical framework
The model can be used for planning the project and for evaluation of development, use, and management plans. Some of the possible uses of the model are shown in table 5. Moore, 1971] 1. Assist in identifying deficiencies in hydrologic field data. 2. Quantitative evaluation of stream-aquifer relations. 3. Evaluation of the efficiency of the surface-water distribution system, including surface storage. 4. Define areas where additional pumping of ground water would be beneficial, such as salvage of ground water now consumed nonbeneficially. 5. Study the effect of increased pumpage of ground water on return flow to the river, on evapotranspiration, and on aquifer storage. 6. Aid in the selection of sites where large-capacity wells can be developed for use in satisfying surface-water rights. 7. Evaluation of the most efficient spacing of irrigation wells in different areas. 8. Outline areas where growth of phreatophytic plants can be controlled by lowering the water table by pumping from wells, determine the number and spacing of salvage wells that would be required, and evaluate the effect of these wells on seepage to and from the river. 9. Measure the effects of the importation of additional surface water. 10. Aid in the formulation of effective management criteria for the control and maintenance of favorable water quality. 11. Identify areas where additional water might be stored underground. 12. Provide a means of predicting water availability in different areas under varying schemes of surface-water delivery and groundwater pumpage. 13. Optimize plans for utilizing both ground water and surface water based on economic, legal, and social constraints. 14. Use of additional water in the tributary valleys. 15. Study the effect of lining canals.
SUMMARY
Ground water often has been neglected in waterresources planning and management. The reasons most commonly given are that ground water cannot be adequately evaluated in terms of quantity, quality, availability, and cost of development. These reasons are no longer valid. Advancements in the field of ground-water hydrology in the past half century have provided the knowledge and techniques to evaluate ground-water resources with considerable accuracy and reliability. Therefore, the resource should be considered in every phase of water-resources planning and included in management options. This is particularly true in the Upper Colorado Region, where limitations on surfacewater development are imposed by the Colorado River Compact and by a growing demand for preservation and enhancement of the environment.
Tremendous quantities of ground water are available in the region. The volume of recoverable water stored in the upper 100 feet (30.5 m) of saturated rocks alone may be as much as 115 million acre-feet (141,852.5 hm 3 ) , and many times this amount is available from greater depths. In addition, the annual replenishable supply of ground water of about 4 million acre-feet (4,934 hm 3 ) is enough water to support industries requiring 3,600 million gallons (13,627,440 m 3 ) of water a day, or to irrigate about 1.3 million acres (526,110 ha) of crops having an annual water requirement of 3 feet per acre (0.9 m/ha). Yet, in 1970 only about 2 percent of the water used in the region came directly from ground-water sources.
It is true that most of the ground water is in consolidated rocks which generally yield water to wells slowly, and it is also true that much of the ground water is saline and, in some places, occurs at great depths. Nevertheless, the ground water in the region has certain characteristics, such as its uniform areal and time distribution, that make it highly useful in overall waterresources management.
Under various development options, ground water can be used in conjunction with surface water or it can be developed as an independent supply where surface water is not available. The various development options all are possible within the framework of the Colorado River Compact; in fact, the full use of the ground-water resource could help the water users in the Upper Colorado River Basin to meet projected needs for water in the region and still satisfy the various provisions of the compact.
Benefits that could be gained by the optimal use of ground water in overall water-resources management in the region include:
1. A reduction of nonbeneficial discharge of water. 2. A more uniform water supply. 3. A means of meeting growing in-region water needs while satisfying the growing demand outside the region for water from the Colorado River. 4. A means of developing water supplies without the adverse effects on the environment that are commonly associated with large surface-water facilities. 5. A means of alleviating tJ-~ salinity problems in the water in the Colorado rtiver system. 6. Full use of the total water resource of the region.
The ground-water resources of those areas cited as having a potential for including ground water in overall water-resources management have had only cursory or reconnaissance study. Considerable more study, including the use of models, is needed to fully evaluate this potential and to determine the most feasible development options.
There is a great potential for use of underground space, such as for fluid-waste disposal and development of underground storage reservoirs and cham hers, in the region. Special detailed studies are needed to locate and evaluate the potential sites.
